Comparative chromosome painting with mouse (Mus musculus, MMU) chromosome-specific DNA probes was performed for three Muridae species, the Indian soft-furred field rat (Millardia meltada), the spiny mouse (Acomys dimidiatus) and the harvest mouse (Micromys minutus). All probes except for the Y probe were successfully hybridized to the chromosomes of all species, and homologous chromosome segments between mouse and the three species were identified at the molecular level. Comparison of our data with the published data of six other genera (Mus, Rattus, Apodemus, Otomys, Rhabdomys and Cricetulus) of the Muridae suggested that the associations MMU1b/17a, 2b/13a, 5b/11a, 7/19, 10b/17b, 10c/17c, 11b/16a, 12/17d and 13b/15, and the single painted chromosomes and chromosome segments MMU3, 4, 5a, 8a, 8b, 16b, 18 and X were probably contained by the ancestral karyotype of the Muridae, and have been strongly conserved throughout murid evolution.
Introduction
The Muridae is the largest and most diverse family of rodents, comprising 730 species in 150 genera of five subfamilies (Musser & Carleton 2005) . These species are distributed world-wide, occupying a broad range of habitats from tropical rain forests to arid deserts and tundra, and have adopted an equally wide array of lifestyles. Muridae species generally display much higher variability of karyotypes than other mammalian species. The diploid chromosome numbers range from 2n = 10 of a South American Akodon species (Silva & Yonenaga-Yassuda 1998) , which is the lowest diploid chromosome number known for rodents, to 2n = 102 of the red viscacha rat Tympanoctomys barrerae (Contreras et al. 1990) , which is known as the largest chromosome number in mammals. Because of this wide variety of karyotypes, the Muridae is a good animal model for investigating the process of karyotypic evolution in vertebrates.
Karyological relationships between different species have usually been documented by morphological comparison of G-banded chromosomes; however, it is difficult to accurately judge chromosome homology by this approach. Cross-species chromosome painting with chromosome-specific DNA probes (termed Zoo-FISH) is a robust method for identifying chromosome regions homologous between different species at the whole-genome level (Wienberg et al. 1990 , Scherthan et al. 1994 , Wienberg & Stanyon 1995 and for delineating the chromosome rearrangements that have occurred in each lineage of species since they diverged from the common ancestor (Murphy et al. 2001 , Richard et al. 2003 , Wienberg 2004 , Froenicke 2005 . Chromosome-specific painting probes from the laboratory mouse (Mus musculus) have been developed by flow sorting of chromosomes (Rabbitts et al. 1995) , and comparative studies of karyotypes using mouse chromosome paints have been performed for several species of the Muridae: Mus platythrix (Matsubara et al. 2003) , Apodemus sylvaticus (Matsubara et al. 2004 , Stanyon et al. 2004 , Rattus rattus and R. norvegicus (Grützner et al. 1999 , Guilly et al. 1999 , Stanyon et al. 1999 , Cavagna et al. 2002 , Rhabdomys pumilio (Rambau & Robinson 2003) , Otomys irroratus (Engelbrecht et al. 2006) and Cricetulus griseus (Yang et al. 2000) . Our knowledge of large-scale karyological relationships among murid rodents is limited, however, and little is known about the process of chromosome rearrangements and the ancestral karyotypes in the Muridae. Comparative chromosome studies of more Muridae species are therefore needed to delineate the processes of the karyotypic evolution of murids.
Here we conducted comparative chromosome painting with mouse probes for three Muridae species, the Indian soft-furred field rat (Millardia meltada), the spiny mouse (Acomys dimidiatus) and the harvest mouse (Micromys minutus), and identified the chromosome regions conserved among the three species. M. meltada inhabits Pakistan, Nepal, India and Sri Lanka, and its diploid chromosome number is 2n =50 (Nanda & Raman 1981) . A. dimidiatus (2n = 38) is distributed in arid regions from the Sinai Peninsula of Egypt to western Asia. Comparative karyotypic studies of three Acomys species were previously performed using chromosome banding techniques (Volobouev et al. 1996a,b) . M. minutus is the sole species of this Palaearctic genus, which is distributed from Spain through Middle Europe to Siberia, Japan, Tibet and Assam, and has a diploid chromosome number of 2n = 68 (Makino 1944 , Jüdes 1981 . We also identified which chromosome segments have been widely conserved throughout Muridae species by comparing our Zoo-FISH data of the three species with the published data of other species. Finally, we make inferences about the ancestral murid karyotype and discuss the karyotypic evolution of murids.
Materials and methods

Animals
Millardia meltada and Acomys dimidiatus are maintained at the Laboratory of Wild Animals, Department of Animal Sciences, Faculty of Agriculture, Tokyo University of Agriculture, Japan. The colonies of M. meltada and A. dimidiatus were originally collected in India and Egypt, respectively. A. dimidiatus (2n = 38) used in this study was discriminated from A. cahirinus (2n = 36) by karyotype analysis and molecular phylogenetic analysis using the nucleotide sequence of the cytochrome b gene (data not shown). Wild individuals of Micromys minutus were captured on Honshu Island, Japan. All experimental procedures with the animals conformed to the guidelines established by the Animal Care Committee, Hokkaido University.
Chromosome preparation
R-banded chromosomes were prepared as described by Matsuda et al. (1992) and Matsuda & Chapman (1995) . Chromosome preparations were made from splenocytes of M. meltada and A. dimidiatus and from fibroblasts obtained from lung tissue of M. minutus. Thymidine (300 2g/ml) was added to the splenocyte cultures 44 h after the cell cultures were started or to the fibroblast cell cultures at log phase, and the cell culturing was continued for 14 h. The cells were washed with serum-free culture medium three times, then 5-bromodeoxyuridine (BrdU) (25 2g/ml) was added to the culture medium, and the cell culturing was continued for an additional 4 h including 30 min of colcemid (0.025 2g/ml) treatment before harvesting. Chromosome slides were prepared following a standard air-drying method. They were stained with Hoechst 33258 (1 2g/ml) for 5 min, and then were heated to 72-C for 3 min on a hotplate and subsequently exposed to UV light at 72-C for an additional 5 min. The slides were kept at j80-C until use.
Chromosome in-situ hybridization
The biotinylated painting probes of the laboratory mouse were purchased from Cambio Ltd. (Cambridge, UK). Chromosome in-situ hybridization was carried out as described by Matsubara et al. (2003) . The hybridized probes were detected using FITC-avidin (Roche Diagnostics, Basel, Switzerland) at a 1:500 dilution in 1% BSA, 4Â SSC at 37-C for 1 h. After the slides were washed, they were stained with propidium iodide.
Image capture
FISH images were captured using a cooled CCD camera (Micro MAX 782Y, Princeton Instruments, Trenton, NJ, USA) mounted on a Leica DMRA microscope, and analysed with the 550CW-QFISH application program of Leica Microsystems Imaging Solution Ltd. (Cambridge, UK).
Results
Karyotypes of M. meltada, A. dimidiatus and M. minutus
The Hoechst-stained karyotypes of M. meltada (2n = 50, FN = 56), A. dimidiatus (2n = 38, FN = 70) and M. minutus (2n = 68, FN = 70) are shown in Figure 1 . The diploid chromosome numbers and fundamental numbers of the three species determined in this study were the same as those reported previously (Makino 1944 , Nanda & Raman 1981 , Al-Saleh 1988 , Volobouev et al. 1996b . In M. meltada, the two largest autosomal pairs were subtelocentric, and the remaining 22 autosomal pairs were acrocentric ( Figure 1A ). The short arm of chromosome 1 was characterized by heterochromatin brightly stained with Hoechst. The metacentric X chromosome was the second largest chromosome. The short arm of the X and the entire acrocentric Y chromosome were heterochromatic. Sixteen autosomal pairs of A. dimidiatus were metacentric or submetacentric, while the remaining two small autosomal pairs were acrocentric ( Figure 1B ). Both the X and Y chromosomes were acrocentric. In M. minutus, only the largest autosomal pair was submetacentric, while the other 32 autosomal pairs, and the X and Y chromosomes were all acrocentric ( Figure 1C ). 
Chromosome painting of the three species
All mouse (Mus musculus, MMU) probes except for the Y probe were successfully cross-hybridized to chromosomes of the three Muridae species (Figure 2 ). The MMUY probe was not hybridized to any Y chromosomes of the three species, indicating that the nucleotide sequence of Y chromosome-specific heterochromatin is highly diverged between mouse and these three species. The Hoechst-stained bands obtained by the replication R-banding method, which correspond to G-bands, made it possible to identify each chromosome for the three species (Figure 2b ) (Matsuda et al. 1992) . The chromosome painting patterns of the three species are summarized in Figure 3 .
Nineteen autosomal paints and the X paint detected 37 conserved segments between mouse and M. meltada (MME) chromosomes ( Figure 3A) . All of the M. meltada genome was covered by the mouse paints except for the heterochromatic short arms of chromosomes 1, 2 and X, and the centromeric, telomeric and interstitial heterochromatin regions in several chromosomes. Seventeen M. meltada chromosomes (MME3, 4, 5, 8, 9, 10, 12, 15, 17Y24, X) were each painted with a single mouse probe. Seven chromosomes (MME2, 6, 7, 11, 13, 14, 16 ) were each painted with two different probes, and one chromosome (MME1) was painted with four probes. Instances of the hybridization of M. meltada chromosomes with multiple mouse probes consisted of 11 associations of 13 mouse chromosomes and/or chromosome segments: MMU1/13, 1/14, 1/17 (twice), 5/11, 7/19, 9/17, 10/17, 11/16, 12/17 and 13/15 (Table 1) . MMU2, 3, 4, 6, 7, 12, 14, 15, 18, 19 and X each hybridized to a single M. meltada chromosome or chromosome segment. MMU8, 9, 11 and 13 each hybridized to two different chromosomes or chromosome segments, while MMU1, 5, 10, 16 and 17 each hybridized to three or more chromosomes or chromosome segments ( Table 2) . The mouse probes were hybridized to 39 conserved segments of A. dimidiatus (ADI) chromosomes ( Figure 3B ). Six A. dimidiatus chromosomes (ADI3, 8, 14, 17, 18, X) were each hybridized with a single mouse probe, nine chromosomes (ADI2, 4, 6, 7, 9, 11, 12, 15, 16) were each hybridized with two probes, and four chromosomes (ADI1, 5, 10, 13) were hybridized with three probes. Instances of the painting of A. dimidiatus chromosomes with multiple mouse probes consisted of 10 associations of 13 chromosomes and/or chromosome segments: MMU1/14, 1/17, 2/13, 5/11, 7/19, 10/17 (twice), 11/16, 12/17 and 13/15 (Table 1) . Only 6 out of 19 mouse autosomal probes (MMU4, 6, 7, 12, 18, 19) and MMUX were each hybridized to a single A. dimidiatus chromosome, chromosome arm or chromosome segment (Table  2) . MMU1, 2, 3, 5, 8, 9, 10, 11, 14 and 16 were each hybridized to two different chromosomes or chromosome segments, and MMU15 was hybridized to two segments on different arms of the same chromosome. MMU13 and MMU17 were hybridized to four segments on three chromosomes and six segments on five chromosomes, respectively.
Forty-nine chromosome segments conserved between mouse and M. minutus (MMI) were found ( Figure 3C ). The 25 M. minutus chromosomes (MMI5, 6, 7, 10, 12, 13, 14, 16, 17, 19Y33, X) were each painted with a single mouse probe, eight chromosomes (MMI2, 3, 4, 8, 9, 11, 15, 18) were each painted with two different probes, and one chromosome (MMI1) was painted with four probes. The 12 chromosomal associations of 13 chromosomes and/or chromosome segmentsV MMU1/13, 1/17, 2/13, 5/6, 6/13, 7/19, 10/17 (twice), 11/16, 12/17, 13/15 and 13/17Vwere detected (Table 1) . MMU3, 7, 12, 18, 19 and X were each hybridized to a single M. minutus chromosome or chromosome segment, MMU4, 6, 8, 14 and 15 were each hybridized to two different chromosomes or chromosome segments, and MMU1, 2, 5, 9, 10, 11, 13, 16 and 17 to three or more chromosomes or chromosome segments (Table 2) . , 3, 4, 6, 7, 12, 14, 15, 18, 19, X 8, 9, 11, 13 1(ii), 5, 10, 16, 17(v) Present study 4, 6, 7, 12, 18, 19, X 1, 2, 3, 5, 8, 9, 10, 11, 14, 15(i) , 16
Acomys dimidiatus
13(iv), 17(vi)
Present study 3, 7, 12, 18, 19, X 4, 6, 8, 14, 15 1(iv), 2, 5, 9, 10, 11(ii), 13, 16(iv), 17(v) Present study 1, 2, 3, 4, 5, 7, 8, 9, 10, 11, 12, 13, 15, 16, 18, 19, X 6, 17 14 Matsubara et al. (2003) Rattus norvegicus 3, 4, 6, 7, 9, 12, 18, 19, X 1, 2, 8, 11, 14, 15, 16 5, 10, 13, 17 Cavagna et al. (2002) Apodemus sylvaticus 3, 4, 6, 7, 9, 12, 14, 18, 19, X 2, 8, 11, 13, 15, 16 1(ii), 5, 10, 17(vi) Matsubara et al. (2004) , Stanyon et al. (2004) Rhabdomys pumilio 2, 3, 4, 7, 14, 15, 16, 18, 19, X 5, 6, 8, 11, 12, 13 1, 9, 10, 17 Rambau & Robinson (2003) Otomys irroratus 3, 6, 7, 11, 12, 14, 18, 19 i: two segments on one chromosome. ii: three segments on two chromosomes. iii: four segments on two chromosomes. iv: four segments on three chromosomes. v: five segments on four chromosomes. vi: six segments on five chromosomes. vii: nine segments on four chromosomes.
Micromys minutus
Mus platythrix
Discussion
Chromosome painting with mouse probes has been performed for six genera of the Muridae: Mus (platythrix), Rattus, Apodemus, Rhabdomys, Otomys and Cricetulus (Yang et al. 2000 , Cavagna et al. 2002 , Matsubara et al. 2003 , Rambau & Robinson 2003 , Matsubara et al. 2004 , Stanyon et al. 2004 , Engelbrecht et al. 2006 Tables 1 and 2 ). Here we have reported the Zoo-FISH data of three other genera, Millardia, Acomys and Micromys. According to Ducroz et al. (2001) , these eight genera except for Cricetulus are classified into three independent lineages: (1) Mus, Rattus, Apodemus, Rhabdomys, Millardia and Micromys of the Murinae, (2) Otomys of the Otomyinae, and (3) Acomys of the Acomyinae.
In recently proposed molecular phylogenies (Michaux & Catzeflis 2000 , Jansa & Weksler 2004 , Otomys belongs to the Murinae, and Acomys has been classified into the subfamily Acomyinae as the closest sister group of the Murinae. Cricetulus has been positioned in a different clade from the lineage of these eight genera. Stanyon et al. (2004) first proposed a working hypothesis about the ancestral murid karyotype based on the combination of their molecular cytogenetic data for Apodemus sylvaticus and the published data for Mus platythrix, Rattus norvegicus, Rhabdomys pumilio and Cricetulus griceus. They supposed that the ancestral murid karyotype had the diploid chromosome number of 2n = 54 and contained the following chromosomes which are homologous to the chromosomes of Mus musculus: MMU1a, 1b/17a, 2a, 2b/13a, 3, 4, 5a, 5b/11, 6a, 6b, 7/19, 8a, 8b, 9, 10a, 10b/17b, 10c/17c, 11a, 11b/16a, 12a, 12/17d, 13b/15, 14, 15b, 16b and 18, X and Y. The associations MMU1b/17a, 7/19, 10b/17b and/or 10c/17c, 11b/16a, 12/17d and 13b/15 were observed in all three genera examined in this study (Tables 1 and 2, Figure 3 ). MMU2b/13a, MMU10b/17b and MMU10c/17c were found in A. dimidiatus and M. minutus, and MMU5b/11a in M. meltada and A. dimidiatus. These associations were also observed in Cricetulus griceus of the Cricetinae, suggesting that they were probably contained in the ancestral murid karyotype as proposed by Stanyon et al. (2004) . The association MMU1/13 found in M. meltada and M. minutus was not observed in other genera except for Otomys, and MMU1/14 in M. meltada and A. dimidiatus was observed only in Rhabdomys. MMU5/6 was observed only in M. minutus, Rattus and Apodemus, and MMU6/13 in M. minutus has not been reported in other genera. MMU9/17 in M. meltada and MMU13/17 in M. minutus were observed only in Rabdomys and Cricetulus, respectively. These results suggest that these associations (MMU1/13, 1/14, 5/6, 6/13, 9/17, 13/17) were probably not contained in the ancestral murid karyotype. The single painted signals of MMU7, 12, 18, 19 and X, the single chromosome segments MMU5a, 8a, 8b and 16b, and the three or more painted signals of MMU10 and MMU17 were generally observed in the three genera examined in this study and in the other six genera. The single painted signals of MMU3 and MMU4 in M. meltada and M. minutus and in M. meltada and A. dimidiatus, respectively, might also be contained in the other six species, whereas the single painted signals of MMU9 and MMU14, which were proposed by Stanyon et al. (2004) to have been syntenic in the murid ancestor, were not observed in the three species and in A. dimidiatus and M. minutus, respectively. The alternating patterns of MMU1/17 on MME1, ADI16 and MMI1 are probably the result of subsequent inversions that occurred in the chromosome region painted with MMU1 and MMU17, as found on Apodemus sylvaticus chromosome 9 (Stanyon et al. 2004 ) and chromosome 10 ( Matsubara et al. 2004) (Figure 3) . A similar pattern of MMU11/16 was also observed on MMI2.
In A. dimidiatus, the bi-armed ADI3 and ADI6 corresponded to MME3 and MME2, respectively. The pericentromeric regions of the bi-armed chromosomes ADI3, 6, 7, 8, 9, 14, 15 and 16 were each painted with the same MMU probe, suggesting that the pericentric inversions probably occurred in these chromosomes. The pericentromeric regions in ADI8 and ADI14, which corresponded to heterochromatic regions, were not painted with MMU3 and MMU14 probes. The centromeric heterochromatin might have been amplified after pericentric inversions occurred in ADI8 and ADI14. It is also possible, however, that centromere repositioning (neocentromere formation) rather than pericentric inversion occurred in ADI3, 6, 7, 9 and 15 as reported in several mammalian species (Montefalcone et al. 1999 , Carbone et al. 2006 , Ventura et al. 2001 , 2007 ; and repositioning also occurred in ADI11 and ADI16 after a pericentric inversion event.
Chromosome ordering of DNA markers by comparative mapping is needed to confirm this possibility. The short arms of ADI2, ADI4, ADI10 and ADI13 might correspond to MME12, MME18, MME24 and MME17, respectively, and the long arms of ADI1, ADI4 and ADI5 to MME7, MME8 and MME13, respectively. The Zoo-FISH data of Acomys revealed highly conserved chromosome synteny between the Acomyinae and the Murinae, although the diploid chromosome number of the Acomyinae varies from 36 to 68, as reported by Volobouev et al. (2002) .
M. minutus is one of the murid species with the highest diploid chromosome number, and all of its chromosomes except for chromosome 1 are acrocentric. It has many small acrocentric chromosomes such as chromosomes 19Y33, each of which was painted with a single probe. Most of the small acrocentric chromosomes are thought to have been derived from the centric fission of chromosomes. The chromosome painting with MMU17 in the pericentromeric regions of MMI1 suggests that a pericentric inversion or centromere repositioning probably occurred in the region painted with MMU17 on the short arm, which consisted of the MMU12/17 association.
In conclusion, our Zoo-FISH data for M. meltada, A. dimidiatus and M. minutus show that the associations MMU1b/17a, 2b/13a, 5b/11a, 7/19, 10b/17b, 10c/17c, 11b/16a, 12/17d and 13b/15, and the single painted chromosomes and chromosome segments MMU3, 4, 5a, 8a, 8b, 16b, 18 and X were contained in the ancestral murid karyotype, and have been highly conserved in murid species, substantially confirming the hypothesis of Stanyon et al. (2004) . Further chromosome painting studies for still more species of the Muridae and comparison of molecular cytogenetic data associated with molecular phylogenetic analysis would be desirable to accurately delineate the ancestral murid karyotype and the process of karyotypic evolution in murids.
